Porous CaTi 0.9 Fe 0.1 O 3-δ (CTF) perovskites were synthesized by the standard solid state method at different sintering temperatures with carbon black (CB), corn starch (CS) and potato starch (PS) as pore-forming agents. The ceramic samples of porosity between 9% and 42% with 5 -40 µm pore sizes, were obtained by a 6 h sintering at either 1130º C or 1200º C of precursor powder prepared at 1470º C. X-ray diffraction analysis proved the existence of orthorhombic single-phase perovskites crystalline structure. Electrical conductivity at 800° C was between 1.42 ×10 −2 S cm −1 and 1.86×10 −3 Scm −1 . The conductivity markedly depended on the sample porosity. It should be noted that 30% of porosity, resulted in reduction of conductivity by less than one order of magnitude. Activation energy of conductivity varied between 0.41 and 0.56 eV. Cornstarch has been chosen as the most suitable pore-forming agent for obtaining the cathode of good properties. The best amount of the cornstarch has been proposed as between 5 and 10%.
INTRODUCTION
Nowadays the interest of hydrogen based energy sources increase rapidly as a clean alternative for traditional fossil fuels (oil, natural gas and coal) [1] [2] [3] [4] . Environmentally friendly fuel cells, offer better efficiency than the combustion of hydrocarbons, thanks to chemical energy conversion directly into electricity with a heat as byproduct used for cogeneration. Proton conducting materials allowed to reduce working temperature and elongate lifetime of electrochemical devices, nevertheless a need of physical, chemical and mechanical properties improvement remains a challenge. Among other advantages the possibility of using proton or mixed proton-electron conductors as hydrogen permeable membranes in gas separators should be also mentioned [1] . Electrode materials for Proton Conducting Solid Oxide Fuel Cells (PCFCs), membranes for hydrogen production, oxygen separators and electrolysers should be porous (about 30% porosity is necessary) and should have high protonic and electronic conductivity. Moreover, they should be chemically stable and provide active centers for hydrogen or oxygen gas ionization [5] [6] [7] [8] [9] [10] [11] [12] . Simultaneous fulfilling all these conditions is not simple, especially in case of low-and intermediate temperature SOFCs. Therefore, studies of the relation between the morphology of these materials and their electrical properties are very important. Chemical stability together with cost effective substrates and manufacturing processes [15] present opportunity for alternative cathode materials, for example iron doped calcium titanates CaTi 1-x Fe x O 3-δ (CTF). The electronic and protonic conductivity of calcium titanate is caused by defect introduced by iron doping. Oxygen vacancies, necessary for protonic conductivity, are created through substitution of Ti 4+ by lowervalence Fe 3+ cations:
Apart from the protonic and electronic conductivity the doped perovskite shows also oxygen-ion conductivity [15] [16] [17] [18] . Furthermore the compatibility of the cathode material with the electrolytes and interconnectors is crucial for cathode material. CTF provide reasonable thermal expansion coefficient with regard to known electrolyte ceramics (e.g. TEC of BZY, LSNb and BZCY is 7, 8 and 11×10 [12] . Despite known mechanical and chemical advantages of doped calcium titanate at high temperature, the knowledge of their properties at lower temperatures is not sufficient. For instance, the importance of their dependence of electrical properties on micro-structural properties is recognized [16] . Therefore, further studies of this interesting perovskite material are necessary. In this work powders of CaTi 0.9 Fe 0.1 O 3-δ (CTF) perovskites with different porosity and geometry of pores were obtained with the solid-state synthesis. Electrical characteristics in the temperature range applied in the case of intermediate temperature proton solid oxide fuel cells were performed and discussed.
EXPERIMENTAL
Iron-doped calcium titanate CaTi 0.9 Fe 0.1 O 3-δ samples were prepared by the solid-state synthesis method. High purity substrates of CaCO 3 , TiO 2 and Fe 2 O 3 in the stoichiometric ratio were mixed and ball milled in ethanol for 12 h. The precursor powders of CaTi 0.9 Fe 0.1 O 3-δ were uniaxially pressed (600 MPa) and sintered at 800º C for 20 h. Then, the samples were again milled, pressed and sintered at 1200º C for 12 h and 1470º C for 6 h. Finally, the samples were reground, mixed with the pore former (carbon black, potato-or corn starch) pressed and sintered at either 1130 or 1200º C for 6 h. Sintering was carried out in air atmosphere with heating/cooling rate of 5º C/min at all stages. Porosity was determined using the Archimedes method with a kerosene medium. The phase composition of the synthesized materials was analyzed at room temperature by X-ray diffractometry (XRD) using Cu K α radiation (λ = 1.5406 Å). The patterns were also analyzed by Rietveld refinement method using a version of the program LHPM1 [20] . As a starting point of the analysis, the crystal structure parameters of CaTiO 3 were used [21] . The pseudo-Voigt profile function was applied.
The microstructure of the samples was studied with a Philips-FEI XL 30 ESEM (Environmental Scanning Electron Microscope). The samples containing the desired CaTi 0.9 Fe 0.1 O 3-δ perovskite phase with different porosity were chosen for electrical characterization. The DC four-point method was used to examine the samples conductivity. The measurements were carried out at temperature range from 850 K to 1150K and with cooling/heating rate of 5K/min in air. The silver electrodes were deposited by vacuum evaporation onto one side of sample. The wires were attached to the electrodes using silver paste (ESL 4460, ESL Electro-Science). Figure 1 shows examples of X-ray diffraction spectra of the ceramic samples prepared either without (Fig. 1a) or with the addition of a pore-former (Fig. 1b-d) . It can be seen that all the observed XRD reflexes correspond to the perovskite structure. Therefore, regardless the type of applied pore-former, the obtained material is a single-phase CaTi 0.9 Fe 0.1 O 3-δ perovskite. Figures 1c and 1d show that there is no influence of prolonging the annealing time from 6 h to 24 h on the composition of the samples containing a pore-former. (b) the sample with 10% of carbon black sintered at 1200º C for 6 hours ; (c) the sample with 10% of cornstarch sintered at 1200º C for 24 hours and (d) the sample with 5% of cornstarch sintered at 1130º C for 6 hours X-ray diffraction results, analyzed with the Rietveld method allowed us to determine the unit cell parameters at room temperature. The results are collected in Tab. 1. The differences in the unit cell parameters are rather small, however it may be seen that the volume of the unit cell of the porous samples is smaller than that of the dense one. This difference is probably caused by the presence of rich in carbon pore-formers, which may act as reducing agents. Due to that, larger concentration of oxygen vacancies causing a decrease in the unit cell volume in the porous samples may be expected. Moreover, Rietveld analysis revealed that the X-ray reflexes of the porous samples are of about 10%-30% narrower than these of the dense samples. Main possible sources of the reflex broadening are a crystallite size and residual strain. Taking into account that porous samples were obtained by additional 6 h annealing at 1130 or 1200° C of the ceramic substrates previously prepared by sintering at 1200° C for 20 h and at 1470° C for 6 h, a significant change in crystallite size could not be expected. In order to check a presence of strain, the Williamson-Hall plot of the observed Bragg reflexes has been prepared. The Williamson-Hall plot presented in Fig. 2 shows that the strain present in the porous materials (about 0.08%) is lower than in the dense one (about 0.11%). Therefore, it may be concluded that the residual strain in the porous samples is lower than in the dense ceramics. Figures 3 and 4 show SEM micrographs of dense and porous samples. It can be seen that pore and grain sizes and their distribution depend on both the heat treatment conditions and pore-former addition. Image analysis allowed to estimate average grain and pore sizes. In all cases the grains are not larger than 5-6 µm. In the case of dense samples, the grain size was about 3-5 µm, while the sample with the potato starch consists of grains between 1 and 6 µm. The largest distribution in grain size may be observed in the samples prepared with the addition of carbon and potato starch (Fig. 4) . The samples with the cornstarch showed the lowest distribution of the grain size. Moreover, Fig. 3 and 4 show that the pores present in the samples obtained with different pore-formers differ in average size. In all cases there are simultaneously large and small pores present, for example the sample prepared with 10% of corn starch (Fig.  3b) contain the pores between 5-50 µm, while the average pore radius is about 10 µm. Using larger amount of a pore-former leads to an increase of pore size (to 15-40 µm in CS samples), which is shown in Fig.3 The temperature dependence of the total conductivity (σ) of the CaTi 0.9 Fe 0.1 O 3-δ samples with different pore-formers is shown in Fig. 5 . The values of conductivity at 800° C and activation energy of conductivity are also collected in Tab. 2. As it could be expected, the dense sample annealed at 1470° C has the highest conductivity. Lower annealing temperature resulted in higher porosity and lower conductivity. Similar influence of annealing temperature on the conductivity was observed in the case of the samples produced with the addition of pore-formers. It can be seen that the sample containing only 5% of cornstarch annealed at 1130° C shows significantly lower conductivity than the sample annealed at 1200° C. On the other hand, annealing of the samples with pore-formers at temperature higher than 1200° C caused closing of the pores. Therefore, the annealing temperature of 1200° C has been chosen as the optimal one for studying the influence of the pore-formers on the electrical properties. The plots presented in Fig. 5b show that the samples CTF/CS20 and CTF/PS20 of similar porosity (40%) have the lowest conductivity. The CTF/CS10 and CTF/CB10 samples with 33% and 26% of porosity, respectively present slightly higher conductivity. The highest value of conductivity has been observed in the sample CTF/CS5 with 26% of porosity. The comparison of the porosity and conductivity of the samples with carbon black and cornstarch indicates that the cornstarch provides larger porosity accompanied with smaller reduction of conductivity than the carbon. Taking into account its other advantages like better microstructure and mechanical properties, the cornstarch seems to the best pore-former. It should be also noted that 30% of porosity, resulted in reduction of conductivity by less than one order of magnitude. The best amount of the cornstarch, providing sufficient porosity (about 30%) and the largest possible conductivity, may be estimated to be between 5 and 10% 
RESULTS AND DISCUSSION

CONCLUSIONS
In this work porous iron-doped calcium titanate CaTi 0.9 Fe 0.1 O 3-δ samples were prepared using carbon black, corn-and potato starch as pore-forming agents. All of them allowed us to obtain porosity sufficient for fuel cell electrode application.
All the porous samples show lower conductivity in comparison to the dense samples. Introduction of pore formers, that provides open porosity about 40% reduces total electrical conductivity by about one order of magnitude. Cornstarch has been chosen as the most suitable pore-forming agent for CTF. The best amount of the cornstarch has been proposed as between 5 and 10%; the larger amount leads to the agglomeration of small CS particles during sintering process.
